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ens-lyon.fr (M.T. Teixeira).Telomerase, the key enzyme essential for the maintenance of eukaryotic chromosome ends, con-
tains a reverse transcriptase and an RNA that provides the template for the synthesis of telomeric
repeats. Here, we characterize the telomerase subunits in the hemiascomycete yeast Candida glab-
rata. We propose a secondary structure model for the telomerase RNA that is the largest described
to date. Telomerase deletion mutants show a progressive shortening of telomeres and a modest loss
of viability. Frequent post-senescence survivors emerge that possess long telomeric repeat tracts.
We suggest that the high telomere length heterogeneity accounts for this distinct senescence
phenotype.
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Telomeres are nucleoprotein complexes at the ends of chromo-
somes of eukaryotes that play a major role in chromosome main-
tenance and protection. Due to the inability of semi-conservative
DNA replication machinery to fully replicate linear DNA, telomeric
DNA shortens at each passage of the replication fork [1]. This oc-
curs in a physiological manner in most somatic cells of multicellu-
lar organisms, and has been associated with cellular senescence
and aging [2]. In cells escaping senescence, for example in some
cancer lines or post-senescence survivors from yeast senescent cul-
tures, telomeres may be maintained through a homologous recom-
bination-dependent pathway [3–5].
To counteract senescence in unicellular eukaryotes, germ cells,
a majority of cancer cells and probably stem cells of multicellular
organisms, speciﬁc synthesis of telomeric repeats is ensured bychemical Societies. Published by E
ribonucleic acid; RT, reverse
nal restriction fragment; kbp,
Fairhead), +33 4 72 72 80 80
Fairhead), teresa.teixeira@telomerase [6]. Telomerase is composed of an evolutionarily con-
served catalytic subunit, and a non-coding RNA that serves as a
template for iterative telomeric repeat synthesis.
The RNA moiety of telomerase is diverse in size and sequence,
especially in yeasts. Using phylogenetic sequence comparison be-
tween closely related species of Saccharomyces cerevisiae, Kluver-
omyces lactis and Candida albicans, a secondary structure was
derived for these yeasts [7–10]. It reveals a central core that inter-
acts with the catalytic subunit, containing the template, the tem-
plate 50 boundary and a pseudoknot, and from which three long
quasihelical arms emanate. In S. cerevisiae, these arms bind respec-
tively to Est1 and the Ku heterodimer, which are involved in telo-
mere maintenance in vivo [11,12] and the Sm proteins that are
essential for the accumulation and stability of the RNA [13]. How-
ever, the Ku binding region, only found in S. cerevisiae and closely
related species, is apparently missing in the other yeasts [10,14].
Other differences are awaiting the structure determination of evo-
lutionarily intermediate telomerase RNAs in order to establish the
biological signiﬁcance of these ﬁndings.
The yeast Candida glabrata genome sequence was published in
2004 [15]. It is more closely related to S. cerevisiae than to K. lactis
or C. albicans. This yeast is currently the second most common
cause of candidiasis in humans. Subtelomeric genes from thelsevier B.V. All rights reserved.
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found to be repressed by telomeric chromatin [16–18], pointing
out the importance of telomere dynamics in the strategy of infec-
tion of this pathogen. Recently, it was found that C. glabrata has
the ability to generate large chromosome rearrangements [19]. It
was proposed that a particular telomere protection and mainte-
nance mechanism operate in this yeast since several key telomeric
components genes are absent from the genome sequence.
In order to have more insights into the telomere biology of C.
glabrata, we constructed and analyzed mutants of telomerase.
We also describe a secondary structure model for the RNA moiety,
found to be the largest described to date.
2. Materials and methods
2.1. Yeast manipulations
Strain HM100, a ura3 strain derived from CBS138, the
sequenced type strain of C. glabrata [15] in which CAGL0I03080g,
the orthologue of the URA3 gene, is replaced by the KanMX
cassette [20], was used for all experiments. Gene deletions wereYB
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Fig. 1. (A) Location of the TLC1 gene in the genome of C. glabrata and comparison with
coding genes, and arrows orientation of transcripts. Gene names are indicated below bo
represented by arrows with coordinates (exact for S. cerevisiae, intervals for C. glabrata).
orientation. The template region of TLC1 is also indicated. (B) Mapping of the cgTLC
chromosomal coordinates. Hybridization results allow estimation of coordinates for the
text). Ethidium bromide gel staining and the corresponding hybridization with the probperformed using the ‘‘split-marker” method [21]. Transformants
were colony-puriﬁed and single colonies were re-streaked on rich
media every day. Flow cytometry was carried out as described
[22].
2.2. DNA and RNA preparation and analysis
DNA and RNA extractions were performed by classical methods
fully described in Supplementary data. Hybridizations were per-
formed with probes radiolabeled by terminal transferase for the
telomere repeat oligomer: 50-CCCCACAGCACCCAGACCCCACAG-
CACCCAGA-30, and by random priming with Klenow polymerase
for double-stranded probes.
Other details can be found in Supplementary data.
3. Results and discussion
3.1. Identiﬁcation of the EST2 and TLC1 orthologue genes in C. glabrata
The C. glabrata genome [15] revealed the presence of unique
putative orthologue of telomerase catalytic subunit EST2 and RNAYB
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site, see Supplementary data). Alignment between Est2 from C.
glabrata (CgEst2) and the S. cerevisiae orthologue (ScEst2) shows
conservation roughly constant all along the sequence (Supplemen-
tary Fig. 1). Comparison of maps around the TLC1 orthologue
shows that the downstream region of the gene has been rear-
ranged by internal inversions (Fig. 1A).
In order to check whether the region containing the putative
template motif of telomerase RNA is transcribed, total RNAs were
submitted to a Northern blot (Fig. 1C). A band, that disappeared
in a strain deleted for this region (hereafter called tlc1D, demon-
strated expression of the candidate gene (Fig. 1B). Mapping with
overlapping probes and locating the position of the Sm binding site
[8] lead to an estimation of the size of the transcript of at least
2030 nt or more, according to electrophoretic mobility. This RNA
molecule constitutes the largest telomerase RNA described so far.
Other non-coding RNAs of hemiascomycete yeasts also have a sig-
niﬁcantly larger size than their homologs in other eukaryotic or
prokaryotic species, but those of C. glabrata are again the largest
(RNase P RNA, U1 RNA, SRP RNA; our unpublished work and [23]).
3.2. Secondary structure model of the telomerase RNA of C. glabrata
In order to understand the basis for the larger telomerase RNA
size found in C. glabrata and to compare its structure to other tel-
omerase RNAs, we derived a secondary structure from phyloge-
netic comparative sequence analysis (Fig. 2). The C. glabrataFig. 2. (A) Scheme for the secondary structure of the telomerase RNA of C. glabrata derive
conserved sequences (CS), shaded in gray) (see Supplementary information). The functio
base pair symbols are as described [34]. The arrows represent the 50 to 30 polarity. The Ku
Fig. 2). (B) Conserved CS3 sequence alignment according to Gunisova et al. [10] in which
(K = G/U, R = A/G). The alignment follows the phylogenetic order between the four gro
conservations. (C) Secondary structures of pseudoknots of human [24], S. cerevisiae [9,25
Red bases are conserved between C. glabrata and at least one of the other yeast. Blue basequence extends the current CS3 yeast consensus, present in the
functionally crucial pseudoknot, from AKUN0-2GAU to AKUN0-2
GRU (Fig. 2B). We also found that the triple helix of the pseudoknot
consists of a stretch of three Us, in accordance with the number of
base triples which are formed in human [24] and in S. cerevisiae
[25]. But, C. glabrata again extends the sequence consensus of ver-
tebrates and yeasts, since, until now, this region was composed of
at least ﬁve consecutive Us in all the known species, whereas in C.
glabrata one U is substituted by a G (UGUUU). However, sequence
variability in this region is commonly observed in ciliates for which
the whole telomerase structure is less conserved [26]. Finally, we
identiﬁed a putative Ku binding hairpin that was up to now found
only in S. cerevisiae and closely related species [10,14]. In contrast,
the 3-way junction, that includes CS5 and CS6 [27], was not found.
Overall, despite a high sequence divergence and large size, the
orthologue of the TLC1 gene in C. glabrata encodes an RNA which
includes the functional essential core elements interspersed with
large sequence insertions.
3.3. Deletions of TLC1 and EST2 result in identical senescence
phenotypes and appearance of survivors
In order to test the effects of loss of telomerase activity in C.
glabrata and to conﬁrm the functions of CgTLC1 and CgEST2, we
proceed to the deletion of each gene. Independent transformants,
as well as the original wild-type strain, were analyzed for cell via-
bility for about 300 generations (Fig. 3A). For the ﬁrst six re-streaksd by phylogenetic comparative sequence analysis and manual search for individual
nal core elements are boxed, except for the template, underlined by an arrow. The
hairpin from S. cerevisiae TLC1 is presented for comparison (see also Supplementary
we have added the telomerase RNA sequence of C. glabrata extending the consensus
ups delimited by a line, while within each group the order follows RNA sequence
], K. lactis and K. dobzhanskii [35]. *indicates a U–AU base triple not tested by [25].
se is a conserved purine or pyrimidine.
Fig. 3. Deletion of CgTLC1 or CgEST2 genes induce replicative senescence and appearance of survivors. (A) For the indicated streakings, cells were resuspended in water,
counted, and equal serial 10-fold dilutions were spotted in YPD. Details of colony morphology are shown below for 12th streak of indicated genetic backgrounds. (B)
Exponentially growing cultures of wild-type and mutants were analyzed for DNA content by ﬂow cytometry of ﬁxed cells stained with propidium iodide. (C) These cell
cultures were also inspected for cell shape and DNA staining.
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and 9th streaks, colonies of the mutants became heterogeneous in
size, and some cells were unable to give rise to further colonies
(Fig. 3A). Nonetheless, most streaks gave rise to survivors hetero-
geneous in size, with visible rough contours (Fig. 3A) and with par-
tial recovery of viability. We conclude that deletion of orthologs of
telomerase components in C. glabrata lead to a replicative senes-
cence phenotype reminiscent of S. cerevisiae [28]. However, cell
growth defects appear much later, the emergence of post-senes-
cence survivors is more frequent and their cell viability is only par-
tially recovered.
In order to check whether the mutant C. glabrata cells lose via-
bility due to a G2/M cell cycle arrest, similarly to S. cerevisiae
[29,30], the DNA content was analyzed (Fig. 3B). Wild-type and
mutants in early streaks show about 2/3 of cells in G2/M. Strik-
ingly, at the 8th streaking, mutants show an increase in the propor-
tion of cells in G2/M and the 2C DNA content peak becomes wider,
suggesting alteration of DNA content. Accordingly, cultures of tel-
omerase mutants from later streaks show cellular aggregates and
multi-budded cells (Fig. 3C). The abnormal DNA content of mu-
tants is thus correlated with problems in cell division.
3.4. Shortening of telomeres precedes observable growth defect
In Fig. 4 we examined the molecular fate of chromosome ends
by analysis of terminal restriction fragments (TRFs). In wild-type
cells, a telomere probe reveals several bands and a major smear
around 2 kbp. The latter could correspond to a subset of TRFs of
similar sizes, in accordance with possible conservation of subtelo-
meric sequences between a subset of chromosomes. In both est2Dand tlc1Dmutants, most of the bands shorten until the 8th streak-
ing (approx. 190 generations, when growth viability is mostly com-
promised). This shortening starts as soon as transformants are
collected from transformation plates. Therefore, similarly to S. cere-
visiae [28], mutants of telomerase major components in C. glabrata
lead to an ‘‘ever shorter telomere” phenotype.
We used the shorter fuzzy band to estimate the variation in rel-
ative telomere length in the mutants (Fig. 4B). We obtained that a
subset of telomeres shorten about 700 nucleotides in 190 genera-
tions which is consistent with the 3–4 bp/generation shortening
found in S. cerevisiae [31]. We concluded that a subset of C. glabrata
telomeric repeats are at least 700 bp long.
In order to determine more precisely the total length of telo-
meric repeat tracts, we digested genomic DNA with an additional
mixture of two frequent-cutter restriction enzymes (Fig. 4D).
When probed with telomeric repeats, a major smear peaking at 1
kb and two minor ones peaking at 1.8 and 1.4 kb are revealed.
These progressively shorten in tlc1D#1 strain with similar rates
showing that they correspond to terminal fragments. The absolute
shortening of these smears is observed for about 700 bp for the
longest to 400 bp for the shortest (Fig. 4B), suggesting that the
number of telomeric tracts may differ from telomere to telomere
in C. glabrata. In any case, these are longer than the telomeric tract
of most strains of S. cerevisiae.
3.5. Post-senescence survivors accumulate long telomeric tracts
In following streaks, corresponding to post-senescence survi-
vors, telomeric bands become less intense and eventually disap-
pear (Fig. 4C). They are replaced by additional faint bands and a
Fig. 4. C. glabrata telomerase mutants present an ever shorter telomere-like phenotype. Southern blot analysis of est2D and tlc1D mutants. DNA was prepared from
successive streakings in senescent strains (A, D) and post-senescent survivors (C, D) (streak number above lanes), from original strain (‘wt’) and from indicated mutant strains,
and digested with EcoRI (A, C) or a combination of EcoRI, MseI and AluI (D) before electrophoresis. Sizes are indicated in kbp at left of blots. The gels were transferred into
membranes and hybridized with a telomere repeat oligonucleotide (A, C, D). ‘‘13S”: small colony from 13th streaking, ‘‘13L”: large colony from 13th streaking. (B) Terminal
restriction fragment length was determined for the major lowest fuzzy band for est2D#1 (black triangles) and tlc1D#2 (black squares) from the gels in (A) and for the three
smears (in gray) revealed in (D) and described in the text.
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are still present in post-senescent survivors, but they are part of
TRFs of highly heterogeneous sizes. This resembles the type II
post-senescence survivors in S. cerevisiae, where telomeric repeats
are maintained by homologous recombination [5]. In order to esti-
mate the length of telomeric tracts in these bands, we also digested
total genomic DNA of post-senescent survivors with the frequent-
cutter mixture as above (Fig. 4D). We observed a smear around
2 kb showing that at least a subset of telomeres acquired long
tracts of telomeric repeats. Interestingly, the majority of telomeric
signal is accumulated in upper parts of the gel. This could indicate
that an additional mode of chromosome maintenance could be
operating. Accordingly, the growth defects present in a majority
of post-senescent survivors (Fig. 3A) differ from the complete
recovery of type II post-senescent survivors in S. cerevisiae [5].
To escape replicative senescence in the absence of telomerase, S.
cerevisiae can also amplify the Y0 subtelomeric elements [3]. Be-
cause C. glabrata genome lacks conserved Y0 elements, we hybrid-
ized blots from the last streaks with probes targeting the
subtelomeric EPA gene family (Supplementary Fig. 3) that includes
the telomere-proximal EPA6/EPA7 responsible for the epithelialcells-hyperadherent phenotype observed in mutants of telomere
position effect (TPE) [16]. Collectively, our hybridization experi-
ments show no ampliﬁcation of this subtelomeric gene family.
Therefore, like K. lactis [32], C. glabrata is unlikely to allow the for-
mation of post-senescence survivors through recombination with-
in members of subtelomeric elements. Therefore, Y0 subtelomeric
elements, present in S. cerevisiae, and absent from C. glabrata and
K. lactis genome, may allow a particular telomerase-independent
genome maintenance with a speciﬁcity related to their structure
(e.g. interspersed telomeric repeats) and/or encoded proteins.
4. Conclusions
In this work, we identiﬁed and characterized the catalytic and
template RNA subunits of telomerase in the pathogenic yeast C.
glabrata. Telomerase mutants are similar to those in S. cerevisiae
with respect to the ‘‘ever shorter telomere” phenotype. However,
post-senescence survivors appear more frequently and they exhi-
bit at least a subset of telomeres bearing long stretches of telomer-
ic tracts. We found no evidence for alteration of subtelomeric
genome structure. An interesting possibility is that the long and
3610 R. Kachouri-Lafond et al. / FEBS Letters 583 (2009) 3605–3610heterogeneous sized telomeres of C. glabrata allow a more frequent
repair of the shortest telomeres by non-reciprocal recombination.
This situation would be similar to the experimental setting in K.
lactis where a single long telomere was enough to partially sup-
press the senescence due to the loss of telomerase activity [33].
Further investigations are needed to understand whether the
large variable regions of telomerase RNA confer any advantage in
the pathogenic ecology of C. glabrata. Indeed, despite its phyloge-
netic position, C. glabrata has a telomerase RNA sequence different
from all the other known yeast sequences. The secondary structure
of this RNA illustrates again how an RNA molecule can change its
size by variable insertions of new sequences while keeping func-
tional structural elements.
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